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Electromagnetically induced transparency (EIT) can be used to cool an atom in a harmonic
potential close to the ground state by addressing several vibrational modes simultaneously. Previous
experimental efforts focus on trapped ions and neutral atoms in a standing wave trap. In this work,
we demonstrate EIT cooling of an optically trapped single neutral atom, where the trap frequencies
are an order of magnitude smaller than in an ion trap and a standing wave trap. We resolve the
Fano resonance feature in fluorescence excitation spectra and the corresponding cooling profile in
temperature measurements. A final temperature of around 6- K is achieved with EIT cooling, a
factor of two2 lower than the previous value obtained using polarization gradient cooling.

I. INTRODUCTION

Single neutral atoms in optical dipole traps form a po-
tential basis for quantum information processing applica-
tions, including quantum simulation [1, 2], computation
[3, 4], and communication [5, 6]. Ideally, the atom can
be prepared in an arbitrary quantum state and can be
made to exchange quantum information coherently with
a tightly focused optical mode. A prerequisite for an effi-
cient coupling between a photon and an atom is minimiz-
ing the atomic position uncertainty, which requires the
atom to be sufficiently cooled [7]. Furthermore, cooling
of the atom can extend the coherence time of the qubit
state [4, 8, 9] and allow for the manifestation of quantum
mechanical properties of the atomic motion [10, 11]. A
lower atomic temperature can also improve the fidelity of
one- and two-qubit gates, which is useful for the imple-
mentation of quantum computers and analog quantum
simulators [12-14].

Raman sideband cooling techniques [15-17] can be em-
ployed to cool atoms to the motional ground state of the
trapping potential. However, this method requires an
iteration of the cooling process over several laser set-
tings to address individual vibrational modes. Alter-

FIG. 1. Left: EIT cooling transition in a three-level A sys-
tem. A strong coupling beam forms new eigenstates |+) and
|—) from the bare atomic states |¢g’) and |e). Here n denotes
the vibrational quantum number for atomic motion in a har-
monic trap with a frequency of wirap. By choosing a suitable
intensity for the coupling beam, the scattering spectrum can
be engineered such that the transition |g,n) — |+,n — 1) is
enhanced to achieve cooling. Right: Sspectral profile of the
dressed states. Scattering of a weak probe beam that couples
an atom prepared in ground state |g) to the dressed states
reveals two peaks corresponding to each of the dressed states
and an asymmetric-Fano profile due to the dark state.
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natively, cooling by electromagnetically induced trans-
parency (EIT) is a simpler approach that can also help
achieve ground state cooling.

EIT cooling relies on suppression of diffusion when a
three-level atom is transferred to a superposition of the
ground states that is decoupled from the excited state
(dark state). On probing the excitation spectrum of a A
system with a strong field (coupler) and a weaker probe,
the dark state is revealed via a reduction in fluorescence
when the probe and coupler are equally detuned from
the excited state. This dip, in combination with the
fluorescence peak from the dressed state, results in an
asymmetric Fano profile [18]. When the motional spread
of the atomic wave packet in an external conservative
potential is taken into account, the dark state becomes
sensitive to the atomic position. Particularly, cooling oc-
curs when the dark state is decoupled from the excited
state at the carrier frequency but is coupled to the bright
(dressed) state at the red sideband [19]. For this, the sys-
tem simply needs to be engineered such that frequency
difference between the dark state and the bright dressed
state matches the vibrational mode spacing of the poten-
tial (see Fig. 1).

It is worth mentioning that gray molasses cooling is
another sub-Doppler cooling technique that relies on the
suppressed scattering from a dark state in a three-level
system [20-23]. However, this scheme requires three
counter=propagating and phase-stable pairs of probe and
coupling beams directed at the atom along the three co-
ordinate axes as cooling is achieved through a Sisyphus
mechanism of the atom traversing rising and falling po-
tentials [20]. While it may be well suited for cold clouds
of high phase-space density, the EIT cooling technique
presented here is a simpler alternative for single atoms
as it requires only a pair of intersecting light fields.

The Fano profile was first observed in the fluorescence
spectroscopy of a single Bbarium ion [24, 25], and a cool-
ing technique exploiting this effect was proposed fifteen15
years later [26]. Since then, this EIT cooling method has
been implemented in platforms such as trapped ions [27-
29|, neutral atoms confined in standing wave traps [30],



and quantum gas microscopy setups [31].

In this work, we investigate free-space EIT cooling of
a single neutral 8"Rb atom in a mK deep far-off-resonant
optical dipole trap (FORT), where the trap frequencies
are typically around tens of kHz, one to two orders of
magnitude smaller than in typical standing wave traps
and ion traps. A three-level A system is realized us-
ing the magnetic sublevels in the hyperfine manifolds of
the ground and excited states. We first resolve the Fano
profile via excitation spectroscopy; and then implement
a cooling scheme on altering the configuration and de-
tunings. We also explore the parameter space to identify
detunings and intensities that minimize the temperature.

II. THEORETICAL OVERVIEW

Theoretical descriptions of the Fano spectrum; and
cooling by EIT have been extensively reported earlier
[18, 19, 25, 26]. Here we summarize the results and ex-
tend some of the outcomes to describe our measurements.
Consider a A system formed by two ground states |g) and
lg') as well as an excited state |e) that can decay to both
ground states with a total decay rate I'. A weak (strong)
probe (coupling) field of frequency w, (w.) couples |g)
(l¢")) to |e) with a Rabi frequency Q, (£2.) and a detun-
ing Ap =wp — weg (Ar = we — Wegr).

In the limit of a weak probe driving field (©, <
O, A.), the ground state |g) remains an eigenstate with
the eigenvalue \; = (A.—A,). The other two eigenstates
|£) are associated with the two light-shifted resonances
close to A, = 0 and A, = A, as the probe detuning
A, is being varied. Their corresponding eigenvalues are
Ay = —6—il'} /2 and \_ = A.+0—il'_ /2, respectively,
with an associated light shift 6 and radiative decays I'+
[25]. For a large detuning A. > ., T', these can be
obtained through a perturbative expansion of 1/A.:
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For a larger €, the probe-induced coupling between |g)

and |e) cannot be neglected; and the light shifts and de-

cay rates have been obtained from the steady-state so-

lution for the three-level optical Bloch equation in the
vicinity of A, = A, [25]:
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The narrow resonance associated with A4 is shown to
exhibit a Fano-shaped profile [18] and possess a spectral
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width I'y <« T for Q.,Q, < A.. The Fano-type profile
manifests in the excitation spectrum of the scattering
rate |T'|% [18]:

[20/T4 +2(A, — A —6)/T 1] 3)
1+ [2(8p = Ac = 0)/T4 ]2

IT|? o

which matches the form of a typical Fano profile [32].
When including the atomic center-of-mass motion of
the atom to the description, the energy change due to
recoil from a scattering event should be considered. For
an atom confined in a harmonic potential of frequency
Wirap, When the position uncertainty is much smaller
than the wavelength of light (Lamb-Dicke limit), the
coupling between the motional states and internal en-
ergy levels is characterized by the Lamb-Dicke param-
eter n = |Ep — k| cos (¢) ag. Here Ep and k. are the
wave vectors of the probe and coupling beams, ¢ is
the angle between Ep — k. and the motional axis, and
ap = [/ (2mwtrap)]1/ 2 is the position uncertainty of the
particle with mass m in the ground state of the har-
monic oscillator [26]. For an atom initially in the dark
internal state and the motional eigenstate |n), the mo-

mentum imparted by light when |Ep — Ec\ # 0 leads to
coupling with the bright state |+) of neighboring mo-
tional modes |n £ 1). By choosing A, = A, > 0 and a
suitable Q. such that § = wyrap, the scattering spectrum
can be tailored such that the transition probability of the
lg,n) — |+,n — 1) red sideband transition is greater than
the probability of the |g,n) — |+,n + 1) blue sideband
transition. This results in effective cooling. A detailed
quantitative analysis of the cooling dynamics using a rate
equation description is provided in [19, 26].

III. FANO SPECTRUM

To observe the Fano spectrum from a single 3"Rb atom,
we consider a A system formed by the Zeeman sublevels
lg) = |F=2,mrp=-2) and |¢') = |F =2,mp =0)
of the 525'1/2 F=2 hyperfine ground state and |e) =
|[F" =3, mp = —1) of the 52Py,, F'=3 excited state,
subject to a pair of laser beams with opposite polariza-
tions {[see Fig. 2(a)}]. A stronger left circularly polarized
(07) coupling beam of Rabi frequency Q. couples |¢') to
le) with a detuning A.. A weaker right circularly polar-
ized (oF) probe beam of Rabi frequency 2, and detuning
A, drives the |g) < |e) transition.

Figure 2(b) shows a schematic of our experimental
setup. We trap a single "Rb atom at the focus of a pair
of high numerical-aperture (NA = 0.75) aspheric lenses
in a far-off-resonant dipole trap (FORT). The FORT is
formed by a linearly polarized Gaussian laser beam at
851- nm, tightly focused to a waist of wg = 1.1 pm. The
aspheric lenses not only enable tight spatial confinement
of the atom in the FORT, but also allow efficient collec-
tion of fluorescence from the atom. Refer to [33] for a
complete description of our single atom trap.
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FIG. 2. (a) Energy levels and transitions in *'Rb used for
observing the Fano scattering profile. (b) Experimental con-
figuration for Fano spectroscopy. The backscattered atomic
fluorescence is collected by a high numerical aperture lens and
coupled to a single-mode fiber connected to an avalanche pho-
todetector. BS: beam splitter;; QWP: quarter-wave plates;
PBS: polarizing beam splitters; IF: interference filter;; APD:
avalanche photodetectors; UHV: ultra=high vacuums; B : mag-
netic field.

FIG. 3. Observation of Fano scattering profiles. Red dots:
Ssingle photon scattering detected in APDs from the two-
photon process for A./2r = —80 MHz and Q. = 1.4T", pro-
jected into the probe polarization. Blue curve: Ffits to Fano
profiles following Eqn. (3). The probe beam power increases
from subplot (a) to (d) as indicated by the Rabi frequency val-
ues. All plots show a clear suppression in scattering around
Ap/2m = —80 MHz, where the atom is optically pumped to
the dark state. Error bars represent one standard deviation
due to propagated Poissonian counting statistics.

For driving the A system, the coupling and probe
beams employed are generated from the same external
cavity diode laser. This ensures a fixed phase relationship
between the two driving fields. The light from this laser
is split into two paths for the coupling and probe beams
with the frequency of light independently controlled by
an acousto-optic modulator (AOM) in each path. The
two beams are then overlapped in a beam splitter (BS)
and co-propagate to the atom in this part of the exper-
iment. The co-propagating configuration minimizes the
momentum transfer to the atom (Ak = k. — Ep = 0; and,
equivalently, n = 0) via the two-photon process, thereby
decoupling the center-of-mass motion from the dynamics
and allowing the Fano profile to be resolved.

To prevent probe and coupling beams from entering
the detection system, the atomic fluorescence is collected
in the backward direction using a 90:10 BS. An inter-
ference filter (IF) prevents dipole trap radiation from
reaching the detectors. Additionally, we employ a polar-
ization filter consisting of a quarter-wave plate (QWP)
and a polarizing beam splitter (PBS) to eliminate scat-
tering from the |F = 2,mp = =2y — |F' =3, mp = —3)
cycling transition induced by the strong coupling field.

When a single 8’Rb atom is loaded into the FORT,
we apply 10- ms of polarization gradient cooling (PGC)
to cool the atom to a temperature of 14.7(2)- pK, as
measured by the +“release-recapture™” technique [34, 35].
Then, a bias magnetic field of 1.44- mT is applied along
the FORT laser propagation direction to remove the de-
generacy of the Zeeman states. Next, the single atom
is illuminated with the pair of strong coupling and weak
probe beams for 3- ms. During this interval, the atomic
fluorescence is detected using an avalanche photodetector
(APD). The measurement is repeated for approximately
3000 runs for various values of Q, as A, is tuned across
a range of £27 x 6- MHz centered at A.. The coupling

beam parameters remain fixed at A, = —27 x 80- MHz
and Q. = 1.4I".

Figure 3 shows a series of scattering spectra for increas-
ing probe powers. The detected photoevents shown here
also include the APD’s dark counts, which contribute to a
background of around 300 events per second. Red points
are experimental data and blue lines are fits to Eqn. (3).

In all measurements, an asymmetrical Fano peak is
observed with a linewidth smaller than the natural
linewidth (I' = 27 x 6 MHz). The asymmetry of the
Fano profiles can be characterized by the Fano parame-
ter ¢, given by ¢ = 26/T'; in our system [18, 32]. The
Fano parameters ¢ extracted from the fits are all posi-
tive, indicating that the profiles are right= skewed, with
a decreasing ¢ for increasing probe power {[g = 2.4(2),
2.0(1), 1.21(6), and 0.72(3) for probe Rabi frequencies of
Q, =0.7T, T', 14T, and 2T, respectively?].

The Fano linewidths extracted from the fits increase
linearly with the probe power {[I';/27m = 350 (30),
410 (30), 700 (40), and 1000 (50) kHz for saturation pa-
rameters of 2Q02/I% = 1, 2, 4, and 8, respectively}].
Compared to the theoretical predictions from Eqn. (2)
(vielding 'y /27 &~ 83, 100, 132, and 201 kHz), the mea-
sured values are larger by a factor of 4.7(6). This dis-
crepancy could be attributed to the presence of multi-
ple Fano resonances resulting from other Zeeman sub-
levels. Specifically, there is a A configuration formed
by the states |F=2,mp=-1), |F/'=3,mp =0),
and |F=2,mp=1), as well as another A config-
uration formed by the states |F =2,mp =0) (|¢')),
|F' =3,mp =1), and |F =2,mp =2). The coupling
strengths are quite different for these A configurations,
which leads to distinct values for shifts and linewidths in
the Fano resonances. Consequently, the scattering pro-
files for these three sets of A configurations would overlap
and distort the total scattering rate, causing the appar-
ent broadening in the excitation spectrum (refer to the
Appendix for more discussion).

Furthermore, the energy of the dark state indicated by
the dip in the scattering spectra; should ideally remain
fixed at A, = A, = 27 x —80- MHz, independent of the
Rabi frequencies 2. and 2, of the driving fields. How-
ever, we observe that the minimum of the scattering spec-
tra shifts to a larger detuning for increasing €2,,. It seems
likely that this is because the probe field €2, also drives
the transition between the state |¢’) = |F = 2,mp = 0);
and the excited state |F’ =3,mp = 1), which is not
taken into account in the three-level model. This cou-
pling introduces an additional light shift on the |¢’) state,
leading to a shift in the scattering spectrum for increasing
probe field strength.

IV. COOLING OF ATOMIC MOTION

Having developed a better understanding of the ab-
sorption profile, we now turn to the cooling of atomic
motion. In order to utilize the sensitivity of the internal



FIG. 4. (a) Experimental configuration for the off-resonant
EIT cooling process. The probe beam propagates orthogo-
nally to the optical axis to allow for motional coupling. (b)
Energy levels and transitions in ¥ Rb used in the cooling ex-
periment.

FIG. 5. (a) Atomic temperature for various probe and cou-
pling field detunings, inferred from release and recapture mea-
surements after 20ms of EIT cooling. The anti-diagonal blue
band indicates dark state resonance, which has the highest
cooling efficiency. (b) EIT cooling profile in atomic tempera-
ture as a function of probe detuning A, for a fixed coupling
detuning {[here A, = 2w x94.5 MHz as indicated by the boxed
region in (a)}] also shows an asymmetric Fano feature. The
area shaded in gray represents the range of probe detunings
where an effective cooling is observed.

dark state to the spatial gradient of the electric fields, we
require a configuration in which the momentum trans-
ferred by light to the atom is non-zero (Ak = EC—EP #£0).
For this, the direction of the probe beam is altered such
that it is sent orthogonal to the coupling beam in a top
down direction, polarized parallel to the bias magnetic
field to excite 7 transitions (see Fig 4). The A con-
figuration is now realized with a ¢~ polarized coupling
light connecting the |¢) = |F =2,mp = —1) sublevel
of the 525, s2 ' = 2 hyperfine ground state and_the
le) = |F' =2, mp = —2) sublevel of the 52P3/5 F' =2
hyperfine excited state, and a 7 polarized probe light con-
necting sublevel |g) = |F =2,mp = —2) of the 525
F = 2 hyperfine ground state to |e). Both coupling and
probe are blue-detuned from their respective transitions
by A, = A, = 271 x 94.5 MHz ~ 16I". With this de-
tuning, we are able to satisfy the condition of forming
a narrow Fano resonance that preferentially drives the
red motional sideband transition, as described in the last
paragraph of Section. II.

Our FORT traps the atom in a 3D harmonic oscilla-
tor with radial (w,,) and axial (w.) trapping frequencies
(Wa/y,wz) = 27 x[73(2),10(1)] kHz, deduced from a para-
metric excitation measurement [36]. Accordingly, the as-
sociated Lamb-Dicke parameters (7, 1), ), which quantify
the motional coupling, are estimated to be (0.23, 0.61)
for our EIT cooling beam geometry.

Similar to the experimental sequence described in the
previous part, we start with 10- ms of PGC to cool the
atom upon successful loading, followed by a bias mag-
netic field of 1.44- mT along the FORT laser propagation
direction to remove the degeneracy of the Zeeman states.
We then apply EIT cooling on the A system by switch-
ing on the coupling beam and probe beam for 20- ms, a
duration chosen to be sufficiently long to ensure that the
system reaches a steady state. During this cooling pro-
cess, a weak repumper beam resonant to the D1 line at
795 nm between 5251/2 F=1and 52P1/2 F' =2 is also
switched on to transfer the atom back into the F' = 2 hy-
perfine ground state if it spontaneously decays into the
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FIG. 6. (a) Atomic temperature at A, = A, = 2w X 94.5
MHz for varying €2.. We observe an effective cooling for
s = 293/1"2 between 0.5 and 3, with the optimal cooling
around s = 1.42(3) (cooling duration fixed to 20 ms). The
dotted line indicates the initial atomic temperature after PGC
of 14.7 pK. Error bars represent standard error of binomial
statistics accumulated from around 200 repeated runs. (b)
Atomic temperature measured after different cooling dura-
tions. A cooling time of 2.1(3) ms and final temperature of
5.9(2) pK are extracted from the exponential fit.

F=1

Following that, we employ a ““release and recapture™”
method [34, 35] to quantify the temperature of the single
atoms. During this process, the EIT cooling beams are
switched off; and the atom is released from the trap for
an interval 7, by switching off the FORT beam. Subse-
quently, the FORT is switched on to recapture the atom
and we observe atomic fluorescence by switching on the
MOT’s cooling and repumping beams to check the pres-
ence of the single atom. We repeat each experiment
around two—hundred200 times to obtain an estimate of
the recapture probability. We then infer the atomic tem-
perature by comparing the experimentally obtained re-
capture probability at 7. to Monte Carlo simulations of
recapture probabilities for single atoms at various tem-
peratures [34].

In the first part of the thermometric experiment, we
investigate the capability of the two-photon process to
either cool down or heat up the single atoms. We ap-
ply EIT cooling by varying A, and A, over a range of
+27 x 1- MHz while fixing . and €, to 2m x 5.2 MHz and
27 x 2.0 MHz, respectively. We choose 2, = 27 x5.2 MHz
because this parameter is expected to give a Fano reso-
nance shift coinciding with the trap frequency [0 = w,,
following Eqn. (1)] that leads to optimal cooling. Here,
we fix the release interval to 7. = 30- us, empirically
determined to yield the largest signal contrast for recap-
turing measurements from which the temperature can be
inferred.

The resulting atomic temperature is shown in Fig.
5(a). Cooling and heating effects close to the dressed
states for the two-photon process are significantly visi-
ble. We observe an effective cooling in the anti-diagonal
stripe where A, = A., in agreement with the theoreti-
cal prediction. Heating occurs most dominantly around
Ap = Ac+27 x 250 kHz, where the blue sideband transi-
tions have a larger probability. For frequencies far away
from the Fano resonance, the single atom undergoes in-
coherent scatterings of the pump and probe beams. In
this process, the atom experiences recoil heating which
raises the atomic temperature to about 40 pK.

In the following parts, we maintain A, to be fixed at
271 x 94.5 MHz. To obtain a more accurate estimation of
the atomic temperature, we now deduce a temperature
value based on a series of recapturing probabilities for 12
different release intervals, ranging from 1 to 80- pus. We
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vary the probe detuning A, around A, as shown in Fig.
5(b). We observe the typical asymmetric Fano profile
also in the temperature of the atoms, with the lowest
temperature of 5.7(1)- uK measured at A, = A..

We expect optimal cooling to be achieved when the
dressed state energy shift § caused by the coupling beam
is equal to the trap frequency, § = w,/,, as it maximizes
the absorption probability on the red sideband transi-
tion [19]. To confirm this behavior, we record the atomic
temperature using the same ““release and recapture™”
scheme for different coupling beam powers, keeping A, =
Ap =27 x94.5 MHz and Q,, = 27 x 2.0- MHz fixed. The
results are shown as a function of the saturation param-
eter s = 202/I'? in Fig. 6(a). Cooling is observed for
s between 0.5 and 3, with the lowest temperature ob-
tained at an optimal cooling parameter of s = 1.42(3) [or
Q. = 27 x 5.06(5) MHz]. This corresponds to a dressed
state energy shift of § = Q2/(4A.) ~ 2 x 63(1) kHz,
as introduced in Eqn. (2), which is comparable with the
radial trap frequency w,/, in our system.

We then extract the cooling rate by measuring the
atomic temperature after a variable time of of EIT cool-
ing, as shown in Fig. 6(b). Here, we apply the opti-
mal cooling parameters (A, = A, = 27 x 94.5- MHz,
Q. = 27 x 5.06- MHz, and Q, = 27 x 2.0 MHz) to the
pair of coupling and probe beams. From an exponential
fit to the experimental data, we deduce a 1 /e cooling time
constant of 2.1(3)- ms; and a steady-state temperature of
around 5.9(2)- uK.

V. DISCUSSION AND CONCLUSION

By applying EIT cooling optimized for the radial di-
rections, we have successfully cooled the atom to a tem-
perature of 5.7(1) uK. This is 2.5 times lower than the
temperature of 14.7 puK typically achieved with conven-
tional PGC. We note that our temperature measurement
predominantly reveals the temperature along the radial
direction due to the limitation of the ““release and recap-
ture™” technique. Particularly, a Gaussian optical dipole
trap typically has a much smaller spatial confinement in
the radial direction than in the axial direction. Conse-
quently, it is much easier for the atom to escape the trap
in the radial direction during the release interval.

From the measured atomic temperature, we infer a
mean phonon number of (n,,,) = 1.18(5). This is
higher than the theoretical value of 0.002 expected for
our parameters from the rate equation described in [26].
Additionally, we also observe that the measured cool-
ing time constant is about 10 times longer than the ex-
pected value of 0.2- ms estimated from the same theoret-
ical work. These discrepancies are possibly due to un-
accounted heating effects originating from scattering of
the strong coupling beam which is red-detuned from the
|F =2,mp=-2) < |F' =3, mp = —3) cycling transi-
tion. In the absence of the EIT cooling, this scattering
process alone would impose a lower limit on the energy

reached to be in the order of ~AI', which is ~100 uK
in temperature. Furthermore, there is also heating due
to the occasional repumping process. We speculate that
the observed minimum temperature of 5.7 uK is a con-
sequence of a steady state between the EIT cooling and
these two scattering processes.

In addition, the cooling time would also be limited by
the high probability (50%) of an atom in the state |e) of
52P3/5 F' = 2 to decay into the 535, F = 1 hyperfine
level, which is decoupled from the pair of EIT cooling
beams. Despite the use of a repump light to transfer the
atom back to the F' = 2 state, this process introduces a
delay as well as heating. In comparison, EIT cooling is
1.9 times slower than the conventional PGC, which has
a typical 1/e cooling time constant of 1.1(1) ms [35].

Although prior work with EIT cooling has demon-
strated approximate ground state occupation, the tem-
perature of 5.7(1) pK achieved here is comparable to the
7 pK (or a mean phonon number of 0.78) obtained previ-
ously in a standing wave optical trap of [30] and an order
of magnitude lower than the temperatures achieved in an
ion trap [27]. Our demonstration could be extended to
lower temperatures further by adding a second stage of
EIT cooling that targets cooling along the axial direc-
tion with § matched to the axial trap frequency spacing
w,. Exploring strategies to mitigate heating caused by
scattering in a multilevel atom could improve the cooling
even further.

In conclusion, we have demonstrated electromagnet-
ically induced transparency (EIT) cooling for a single
neutral atom confined in a shallow optical dipole trap;
and have resolved the signature Fano profiles in the ex-
citation spectrum due to a large solid angle for fluores-
cence collection. A final temperature of less than 6- uK
has been reached with EIT cooling, a factor of two2 be-
low the value obtained by polarization gradient cooling
in the same system.

Technologically, the use of magnetic sublevels to real-
ize the A scheme is convenient as it requires only a small
frequency difference (on the order of MHz) between the
pump and coupling fields, which allows simple frequency
shifting from the same laser to provide both components.
This cooling scheme therefore can diversify the spectrum
of techniques for manipulation of atomic motion of ultra-
cold atoms in optical tweezer arrays.
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FIG. 7. Three possible A configurations involved in the two-
photon process.

Appendix: OVERLAP OF MULTIPLE FANO
RESONANCES

In our experiment, we assume to dominantly keep
atoms only in one A system. However, different A con-
figurations in the atomic level structure might be in-
volved in the two-photon process as well. Apart from
the A system formed by |g) = |F =2,mp = —2),
le) = |F'=3,mp = —1), and |¢') = |F =2,mp =0),
there are the A and A® systems with the respective
mp, mps of the states increased by 1 and 2 (see Fig. 7).

The pair of probe and coupling fields drives each A
system according to their respective dipole transition el-
ements. By referring the two Rabi frequencies in A(®)
as Q, for the mp = mp — 1 leg; and ). to the other
one, the corresponding Rabi frequencies for A() and A(?)
are QY = 30, oY = v3Q,, o = 69,, and
(222) = 0./V6, respectively. Following Eqn. (2), the
spectral linewidth for these three Fano resonances are

T
o — 2 2

T 4AZ T2 (2 + ),

o_ T 2 2
Ty = Az B +3%),

@ _ T

Furthermore, to simplify the analysis, we consider the
same Rabi frequencies for the probe and coupling field in
the A(®) configuration (2, = Q. = Q), in line with the
parameters in the Fano spectrum experiment. We then
obtain Ff) = 3.08F$) and FS_D = BFS?), resulting in a
Fano linewidth larger by a factor of 3. Additionally, aside
from the difference in linewidths, the Fano peaks for the
three A configurations will also exhibit distinct resonance
shifts due to the difference in coupling strengths and also
in Zeeman shifts. We expect the combination of these
features contribute to the discrepancy of 4.7 between ob-
served and expected Fano line-width.

CHOW, NG, PRAKASH, AND KURTSIEFER
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